Abstract Electrical excitability, which plays an important role in excitation-contraction coupling in the pulmonary vasculature, is regulated by transmembrane ion flux in pulmonary artery smooth muscle cells (PASMC). This study aimed to characterize the electrophysiological properties and molecular identities of voltage-gated Na + channels in cultured human PASMC. We recorded tetrodotoxin (TTX) sensitive and rapidly inactivating Na + currents with properties similar to those described in cardiac myocytes. Using RT-PCR, we detected transcripts of seven Na + channel a genes (SCN2A, 3A, 4A, 7A, 8A, 9A, and 11A), and two b subunit genes (SCN1B and 2B). Our results demonstrate that human PASMC express TTX-sensitive voltage-gated Na + channels. Their physiological functions remain unresolved, although our data suggest that Na + channel activity does not directly influence membrane potential, intracellular Ca 2+ release, or proliferation in normal human PASMC. Whether their expression and/or activity are heightened in the pathological state is discussed.
Introduction
Voltage-gated Na + channels play a major role in regulating cell excitability, particularly as it pertains to the generation of action potentials in neurons, skeletal muscle, and cardiac myocytes. Evidence has shown that in vascular smooth muscle, action potentials are not dependent on Na + channels since tetrodotoxin (TTX) has no effect on amplitude and duration of action potentials [18] , leading to the belief that these channels might not be present or prominent in these tissues. Nonetheless, Na + currents (I Na ) have been measured in visceral smooth muscles such as myometrium and uterus (pregnant), colon, esophagus, stomach, and ureter, as well as in certain vascular smooth muscles such as the portal and azygos veins [2, 8, 24-26, 31, 33, 34] . The identification of functional voltage-gated Na + channels in quiescent and proliferating vascular smooth muscle cells (VSMC), however, has not been as forthcoming. Currently, I Na have been measured in smooth muscle cells isolated from the coronary artery, aorta, vena cava, and pulmonary artery of various species, including humans [5, 16, 23, 26 ]. On only rare occasions have I Na been recorded in freshly dissociated human VSMC, although they are readily detected when the same cells are cultured [28] . In isolated cases, I Na have been recorded in both freshly dispersed rabbit [26] and cultured human [16] pulmonary artery smooth muscle cells (PASMC). The relative inability to detect I Na in freshly dissociated, but not cultured, cells from the same vascular bed may bear some relation to cell de-differentiation and proliferation [28] . More specifically, voltage-gated Na + channel expression and activity may be required either to facilitate the transition or to promote the de-differentiation of cells from ''contractile'' to ''synthetic'' or ''proliferative'' phenotypes [20, 30] . This raises the possibility that the expression of functional voltage-gated Na + channels in cultured cells acts as a trigger for cell de-differentiation and proliferation, possibly via enhanced cytoplasmic free Ca 2+ concentration ([Ca 2+ ] cyt ).
The molecular identification of the subunits that make up the functional voltage-gated Na + channel in smooth muscles has also lagged behind. Of the 11 known poreforming a subunit (SCN-A) genes, only five (i.e. SCN3A, SCN4A, SCN5A, SCN6A, and SCN7A) have currently been identified in smooth muscle cells, while all or most are expressed in brain tissues, skeletal muscle, or cardiac myocytes [8, 13, 15] . In vascular tissues, the list has been further narrowed down to SCN5A, SCN6A, and SCN7A, which all represent TTX-resistant Na + channel isoforms [21] . Whether these genes form functional channels in PASMC has not been examined. However, it is interesting to note that SCN6A and SCN7A gene expression is upregulated in uterine tissue from pregnant rats [10, 17] , lending further credence to the proposal that Na + channels are involved in cell de-differentiation and proliferation. As it concerns the pulmonary vasculature, the function and expression of voltage-gated Na + channels in PASMC may be an important factor contributing to pulmonary vascular remodeling in patients with pulmonary arterial hypertension.
The purpose of this study was to identify and characterize rapidly activating and inactivating voltage-gated Na + channels in cultured human PASMC. We also sought to identify the voltage-gated Na + channel genes expressed in human PASMC and to determine their role(s) in modulating human PASMC excitability. Our results clearly indicate that TTX-sensitive voltage-gated Na + channels are functionally expressed in human PASMC. However, their inhibition does not appear to alter the resting membrane potential or agonist-induced intracellular Ca 2+ release.
Materials and methods

Cell preparation and culture
Human PASMC (Clonetics, Walkersville, MD, USA) were plated onto cover slips and incubated in a humidified atmosphere of 5% CO 2 in air at 37°C in smooth muscle growth medium (SMGM, Clonetics); SMGM is composed of smooth muscle basal medium (SMBM) supplemented with 5% fetal bovine serum (FBS), 0.5 ng/ml human epidermal growth factor (hEGF), 2 ng/ml human fibroblast growth factor (hFGF), and 5 lg/ml insulin. The medium was changed after 24 h followed by every 48 h thereafter until confluence. Cells were subcultured or plated when 70-90% confluence was achieved. The cells at passages 5-9 were used for experimentation.
Electrophysiological measurements
A cover slip plated with cells was mounted on a plexiglass perfusion chamber on a Nikon inverted microscope, and cells were bathed in physiological saline solution (PSS) containing (in mM): 141 NaCl, 4. All experiments were performed at room temperature (22-24°C). Whole-cell currents were recorded from human PASMC with an Axopatch 1D amplifier and a DigiData 1200 interface (Molecular Devices (formerly Axon Instruments), Union City, CA, USA) using conventional voltage clamp techniques.
Step-pulse protocols and data acquisition were performed using pCLAMP software (Molecular Devices). Currents were filtered at 1-2 kHz (À3 dB) and digitized at 2-4 kHz. Leak and capacitative currents were subtracted using the P/4 protocol in pCLAMP software.
RNA extraction and reverse transcriptase-polymerase chain reaction (RT-PCR) Total RNA was isolated from human PASMC using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA). Human brain total RNA was purchased from Gibco BRL. Genomic DNA was removed with RNase-free DNase as per the manufacturer's instructions. The cDNA was synthesized using SuperScriptJ reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The PCR was performed by a GeneAmp PCR System (Perkin Elmer, Boston, MA, USA) using a Platinum PCR Supermix (Gibco). The sequences of sense and antisense primers that were specifically designed from the coding regions of various Na + channel genes are shown in Table 1 . The fidelity and specificity of the sense and antisense primers were examined using a BLAST program. As a control for integrity of total RNA, primers specific for glyceraldehyde phosphate dehydrogenase (GAPDH) were used. Amplified cDNA products were separated on 1.5% agarose gels and visualized by ethidium bromide staining. The net intensity values of the PCR product bands measured by a Kodak Electrophoresis Documentation System (Eastman Kodak Company; Rochester, NY, USA) were normalized to the net intensity values of the GAPDH signals; the ratios are expressed as arbitrary units for quantitative comparisons.
Statistical analysis
Data are expressed as means ± SEM. Statistical analysis was performed using the unpaired Student's t-test, or analysis of variance, as indicated. Differences were considered to be significant when P < 0.05.
Results
Biophysical properties of voltage-gated Na + currents
Our first task was to identify Na + currents in human PASMC. In cells dialyzed with K + -containing solution, an inward Na + current (I Na ) and a sustained outward K + current (I K ) were observed in the absence of extracellular Ca 2+ (Fig. 1a, b ). The I Na was activated at potentials close to À60 mV (À22±4 pA) and peaked at +0 mV (À343±75 pA) (Fig. 1c) . In contrast, I K recorded in the same cells also activated at approximately À60 mV (À5±3 pA), but peaked at highly positive potentials (1485±186 pA at +80 mV).
The inward I Na appeared to belong to the rapidly activating and inactivating family of Na + channels. Removal of K + from the pipette solution allowed for clearer definition of the whole-cell I Na in human PASMC and for analysis of the channel gating and kinetic properties. In cells superfused with Ca 2+ -free solution and dialyzed with K + -free solution (Cs + replacing K + ), only inward I Na were recorded (Fig. 2a) . The I Na activated and inactivated rapidly; the time constants for activation and inactivation are 0.485±0.06 and 2.85±0.41 ms, respectively, at 0 mV (Fig. 2b) . The currents did not exhibit any tendency for sustained activation ( Fig. 2b) , as has been previously reported for voltage-gated Na + currents in human coronary artery smooth muscle cells [28] .
Based on standard double-pulse protocols, activation (g Na /g Na.max ) achieved 50% of its maximum at a conditioning potential of À18±2 mV, while inactivation (I/ I max ) was half-maximal at À75±3 mV (Fig. 2c) . The window currents determined by the overlap between the activation and inactivation curves were found in the voltage range of À60 to À20 mV in human PASMC cultured in growth medium. Presence of this window current suggests that Na + currents may participate in the regulation of resting membrane potential (E m ) in human PASMC.
Pharmacological identification of I Na
We confirmed that the channels were conducting Na + ions by simple ion replacement. In Na + -free media (i.e., extracellular Na + was replaced by equimolar NMG), 
a The accession numbers in GenBank for the sequence used in designing the primers rapid inward currents recorded during a 65 ms depolarization from À70 to 0 mV were abolished (P < 0.01) in human PASMC compared to currents measured in the presence of external Na + (Fig. 3a) ; this effect was reversible upon return to normal external [Na + ]. These results confirm that the rapidly activating inward currents were generated by Na + ions. Voltage-gated Na + channels can be loosely qualified as either sensitive or insensitive to TTX, a selective and potent blocker of voltage-gated Na + channels. Extracellular application of 1 lM TTX also reversibly abolished the inward currents (P < 0.01) (Fig. 3b) . Inhibition by TTX was concentration-dependent (Fig. 3c) . The EC 50 value for TTX was 17.5 nM at 0 mV (Fig. 3d) , with the current being nearly abolished at 1 lM. Therefore, the currents seem to be generated by Na + influx through the TTXsensitive voltage-gated Na + channels similar to those described in neurons and cardiomyocytes [12] . and inactivation (c) of the currents recorded at 0 mV (peak current) occurred within <5 and <16 ms, respectively. Data are representative of ten experiments (mean ± SE, s act and s inact values provided in text). c Currents (a) were evoked by a step depolarization to 0 mV from different conditioning potentials (À120 and À20 mV) applied for 10 s prior to the test depolarization. Voltage-dependent steady-state availability (I/I max , n=8) and normalized conductance-voltage relationship (g Na /g Na, max , n=6) of the peak I Na are shown in panel b. The I/I max and g Na /g Na, max Voltage-gated Na + channel mRNA expressed in human PASMC A complex of three glycoprotein subunits forms the functional Na + channels: a pore-forming a subunit and two b subunits that modulate channel gating and membrane expression (Fig. 4a) [11] . Using RT-PCR and specifically designed primers, we detected the transcripts of seven pore-forming a subunits: SCN2A, SCN3A, SCN4A, SCN7A, SCN8A, SCN9A, and SCN11A in human PASMC (Fig. 4b) ; all of which form TTX-sensitive Na + channels [15] . The mRNA expression level of SCN2A, SCN3A, SCN4A, SCN8A, and SCN9A in human PASMC is comparable to that in brain tissues, suggesting that they are dominant a subunits for forming functional Na + channels in PASMC. In addition, two b subunit transcripts were detected in human PASMC: SCN1B and SCN2B (Fig. 4b) . The transcripts of SCN1A, SCN5A, SCN6A, and SCN10A were not detectable in human PASMC, but were all expressed in brain tissues (Fig. 4b) .
The combined functional and molecular identification of Na + channels and currents in human PASMC suggest that voltage-gated Na + channel activity and expression may be involved in regulating PASMC excitability, contractility, de-differentiation, and proliferation.
Discussion
Putative roles of voltage-gated Na + channels in regulating [Ca 2+ ] cyt and resting E m
The inward I Na we observed in human PASMC possessed biophysical and pharmacological characteristics similar to those previously identified in other human VSMC [4, 5, 7, 16, 28] : sensitivity to TTX (EC 50 17.5 nM), À60 to À50 mV activation threshold, À15 to 0 mV peak amplitude potential, À70 to À65 mV halfinactivation voltage, À25 to À15 mV half-activation voltage, and activation (s act $1 ms) and inactivation time (s inact £ 4 ms) constants. Similarities in the window currents, À60 to À10 mV in three human PASMC and other VSMC [4, 7] , also suggest that Na + channels are active over a wide range of physiological E m , and that they may contribute to the regulation of resting E m in human PASMC. However, in unpublished observations, we found that TTX did not significantly alter human PASMC E m (À41.2±2.6 mV in control, [6, 29] ; this can contribute to local and global Ca 2+ signaling, especially in heart failure patients treated with digoxin [29] . The permeability of Na + channels to Ca 2+ may also play a role in the contractile-to-proliferative cellular transition. (iv) Transient receptor potential (TRP) channels, non-selective cation channels, which allow permeation of both Ca 2+ and Na + , are believed to underlie store-operated Ca 2+ (SOC) channels [22] . The Na + influx via (SOC) [3] can also alter Ca 2+ signaling by shifting E m , resulting in reversed NCX activity (i.e. enhanced Ca 2+ influx) due to increased opening of voltage-gated Na + channels and enhanced Na + influx. Conversely, an enhanced local rise in [Na + ] cyt due to enhanced I Na activity, could have a similar effect on both NCX activity and [Ca 2+ ] cyt . In a recent study, we demonstrated that human PASMC express high levels of NCX-encoding proteins, NCX1 and NCKX3 [37] . Enhanced reverse-mode NCX activity produced not only an increase in [Ca 2+ ] cyt , but also promoted PASMC proliferation [37] . Preliminary experiments conducted within our lab suggest that TTX-sensitive Na + channel activation does not influence the histamine-induced release of Ca 2+ from the SR in cultured human PASMC (Mauban and Yuan, unpublished observations), or serum-induced PASMC proliferation (Remillard and Yuan, unpublished observations). Furthermore, in isolated rat intrapulmonary arteries, we also observed a lack of effect of TTX on 25 mM K + or phenylephrineinduced contractions (Wallner and Yuan, unpublished observations). Coupled with our observations regarding E m , these findings suggest that, while the regulation of [Ca 2+ ] cyt and resting E m are intimately related, normal activity of TTX-sensitive Na + channels may not play a significant role in modulating E m or [Ca 2+ ] cyt in quiescent or agonist-stimulated PASMC.
Na
+ channel a subunit mRNA expression in human PASMC Multiple voltage-gated Na + channel a and b subunits were expressed in human PASMC. However, it was apparent that some showed higher expression level than others. SCN2A, 3A, 4A, 8A, and 9A subunits, which encode for TTX-sensitive Na + channels [15] , are highly expressed in human PASMC, whereas the subunits encoding for TTX-resistant Na + channels (SCN5A, 6A, 7A, 10A, and 11A) [15] are minimally expressed if at all. The RT-PCR data are consistent with our electrophysiological experiments in which TTX-sensitive I Na were recorded in human PASMC. Although mRNA expression does not directly reflect expression of functional channel proteins, the results from this study provide important insights into the existence and identification of functional voltage-gated Na + channels in human PASMC. Further study using combined approaches of molecular biology and electrophysiology would be necessary to define the nature of the Na + channel a and b subunits that underlie native I Na in human PASMC. Implication of Na + channel activity in pulmonary vascular pathophysiology
The E m and Ca 2+ are important modulators of pulmonary vascular tone and PASMC growth. Ion channels, which can both control and be controlled by E m , therefore are important mediators of the pulmonary vascular response. Indeed, dysfunctional K + channels and upregulated TRP channels have been implicated in the development of idiopathic pulmonary arterial hypertension [9, 32, 35, 36] . Although there is no direct evidence to suggest alteration of Na + channel function in sustained pulmonary vasoconstriction and excessive pulmonary vascular medial hypertrophy in patients with pulmonary arterial hypertension, a recent cDNA microarray study showed that the mRNA expression of the voltage-gated Na + channel b 1 (SCN1B ) subunit was increased in lung tissues from patients with idiopathic and familial pulmonary arterial hypertension [14] . Recent findings from our own laboratory have substantiated this finding (Fantozzi, Huang, Zhang, Platoshyn, Remillard, Thistlethwaite, and Yuan, unpublished observations). Furthermore, other studies have indicated that the expression of atypical (SCN6A/ 7A) Na + channel genes occurs during pregnancy [10, 17] . Based on these findings, it will be interesting to evaluate whether Na + channel expression and function are altered in PASMC from patients with pulmonary arterial hypertension, and whether Na + current-mediated regulation of [Ca 2+ ] cyt is important in the modulation of pulmonary vasoconstriction and PASMC proliferation and de-differentiation in this pathological model.
In summary, the observations from this study indicate that (a) cultured human PASMC express multiple voltage-gated Na + channel a (SCN2A-4A, SCN8A-9A and SCN11A) and b (SCN1B and 2B) subunits, the expression level of putative TTX-sensitive Na + subunits is greater than that of TTX-insensitive Na + channel subunits; and (b) the rapidly inactivating voltage-gated Na + current present in cultured human PASMC is TTX-sensitive and the window currents are in the voltage range of À60 to À20 mV. The presence of functional voltage-gated Na + channels in cultured human PASMC suggests that these channels may participate in the regulation of membrane potential, excitation-contraction coupling, cell volume, and cytoplasmic Ca 2+ homeostasis. Our current findings, however, suggest that voltage-gated Na + channel activity does not regulate key physiological processes (i.e., E m , Ca 2+ release) in normally proliferating human PASMC. However, based on the observations showing that SCN1B is upregulated in pulmonary vascular tissues in patients with idiopathic pulmonary arterial hypertension, we speculate that changes in voltage-gated Na + channel activity may relate to the development of the sustained pulmonary vasoconstriction and excessive pulmonary vascular remodeling in these patients. 18 . Kuriyama H, Kitamura K, Nabata H (1995) Pharmacological and physiological significance of ion channels and factors that modulate them in vascular tissues. 
